The prevalence of OSAHS (obstructive sleep apnoea/hypopnoea syndrome) is high in developed countries and it is estimated that the vast majority of patients remain undiagnosed. On the basis of physiological evidence, we evaluated the frequency component of HRI (heart rate increment) as a simple and inexpensive screening tool for OSAHS detection in a first group of patients (group 1) and validated their discriminant capacity in a second group (group 2). The predictive accuracy of hourly %VLFI (frequency-domain HRI variable obtained from nocturnal ECG Holter monitoring) was analysed by comparison with an hour-by-hour respiratory disturbances index assessed by complete polysomnography in 28 consecutive clinically suspected OSAHS patients for group 1 and in 35 patients for group 2. OSAHS was present in 20 patients according to a mean hourly apnoea plus hypopnoea index > 10 in group 1, and prevalence reached 77.1 % in group 2. Sensitivity, specificity and positive and negative predictive accuracy were calculated and an ROC (receiver operating characteristic) curve was constructed for several polysomnographic threshold values. In group 1, hourly %VLFI appeared as an evident predictor of the apnoea/hypopnoea index (W = 0.848, P < 0.0001; where W is the area under the curve obtained using ROC curve analysis). Using an appropriate threshold (value 3.2 %), %VLFI demonstrated a sensitivity of 78.1 % and a specificity of 70.4 %. These thresholds applied to group 2 yielded a sensitivity of 73.9 % and a specificity of 76.6 %. Frequency-domain analysis of the HRI appears to be a powerful tool for OSAHS prediction. The simplicity of its analysis and use makes of it a particularly well-suited variable for routine mass screening in high-risk populations undergoing ECG Holter monitoring.
INTRODUCTION
Sleep-related breathing disorders are not only common [1] , but also bear significant health consequences, since more frequent of these disorders, was largely undiagnosed in middle-aged populations (93 % of females and 82 % of males) [4] . Because of limited financial resources for healthcare, it would be very cost-effective to provide OSAHS screening by using ambulatory techniques instead of in-hospital nocturnal monitoring. Moreover, the majority of the undiagnosed population presents with cardiac morbidity and is screened daily, from a clinical point of view, for systemic hypertension, cardiac arrhythmias, heart failure or ischaemic heart disease.
Among the numerous parameters known to be altered by sleep-related breathing disorders, those derived from the autonomous nervous system activity appear to be good candidates to detect OSAHS, because they are profoundly modified by it and easily measurable, particularly HR (heart rate). Nocturnal cyclical HR has already been described in sleep-related breathing disorders [5] , but without pragmatic quantification and practical application. Nocturnal cyclical HR has identified [6] an enhanced contrast between day and night time values of HRV (HR variability), which allowed the identification of OSAHS with high sensitivity, but modest specificity, for a lone variable. Some data suggest that a frequencydomain analysis of HR could provide new powerful predictors in periodic breathing [7] associated with marked changes in HR dynamics, as well as in OSAHS [8, 9] . The last study was conducted on a large sample of unselected patients with a statistical prediction of the mean respiratory disturbances index evaluated over the full night period. The severity of the sleep-related breathing disorder, however, fluctuates considerably during the night, and some patients present with severe apnoeas only at the end of each sleep cycle with the appearance of REM sleep. Thus a quantitative approach of such changes in respiratory control could help to determinate the severity of the sleep disorder.
The aim of the present study was, thus, to evaluate prospectively the predictive accuracy of frequencydomain parameters of HRI (HR increment), known to extract VLF (very-low-frequency) components accurately, in a set of patients referred to the sleep laboratory for suspected OSAHS, and to compare the hour-by-hour HRI score against the gold standard polysomnographically-determined hour-by-hour AHI (apnoea/hypopnoea index). Subsequently, the selected HRI thresholds were applied to comparable patients to validate our findings.
METHODS

Study groups
During two periods (May 2002 to June 2002, and  November 2003 to December 2003) , we included all consecutive patients referred to our sleep laboratories for evaluation of snoring, apnoeas and daytime sleepiness. 
Sleep study and polysomnography scoring
OSAHS was diagnosed on the basis of clinical criteria and on the polysomnography performed, following the recommendations of the American Sleep Disorders Association [10] . Polysomnography included seven electroencephalograms (F3-A2, C3-A2, O1-A2, F4-A1, C4-A1, O2-A1 and CZ-A1), right and left electrooculograms and one electromyogram of chin muscles for conventional sleep staging. Respiratory airflow was monitored with a nasal cannula connected to a pressure transducer, thoracic and abdominal respiratory movements with piezoelectric strain gauges, and tracheal sound by microphone. Sao 2 (arterial oxygen saturation) was measured continuously with a finger oximeter. Sleep and respiratory events were scored manually according to standard criteria [11, 12] . Apnoea was defined as the absence of airflow for more than 10 s in the presence of persistent respiratory efforts. Hypopnoea was defined as the association of a decrease of 50 % or more of the amplitude of respiratory efforts during at least 10 s, which was associated with a fall in Sao 2 of at least 4 %. AHI was established as the ratio of the number of apnoeas and hypopnoeas per hour of sleep. As indices of nocturnal hypoxaemia, we considered the mean Sao 2 and the minimal value recorded during sleep (Sao 2 min). The thresholds to identify obstructive sleep-related disorder were chosen as an AHI 10 (mild OSAHS), an AHI 20 (moderate OSAHS) and an AHI 30 (severe OSAHS).
Synchronized ECG Holter monitoring with HRV analysis
The ECG Holter recordings (synchronized using specific markers: light 'on' and light 'off') were analysed on a Novacor system (UltimaHolter soft model; RueilMalmaison, France) equipped with the HRV module. To perform the analysis, each QRS complex was validated and the length between each QRS (RR interval) was calculated. Only normal-to-normal beats were considered for analysis. Mean duration of Holter recording reached 9 + − 2 h.
To identify the VLF oscillations, we performed a power spectral analysis of the HRI as a function of the inverse of the increment. The methodology of such analysis has been developed extensively in previous studies [9] . On such plots, the occurrence of apnoeas and/or hypopnoea is characterized by a spectral peak centred at approx. 0.01-0.05 beat −1 . The repetitive occurrence of homogenous episodes of apnoea and their ECG counterparts should document a similar periodic breathing pattern. Thus we calculated the absolute value of the power spectral density of the VLF band of HRI (0.01-0.05 beat −1 ), as well as %VLFI (the relative percentage of the VLF component over the total power spectral density of HRI; 0.01-0.5 beat −1 ). %VLFI has been reported [9] as the most accurate variable predicting OSAHS and was chosen as the only one we retained in the present study. The hourly value of %VLFI was calculated. A separate clinical team blinded to the results of the polysomnography performed the HRV analysis.
Statistical analysis
Data were analysed using Statview and JMP (SAS Institute ® ) softwares. Differences were considered as significant when P < 0.05. Values are expressed as means + − S.D. Statistical analyses were performed to evaluate the ability of the %VLFI to discriminate between diseased and non-diseased status for each hour of sleep. Thus the dependent variable was diseased status (OSAH+) with three standard AHI threshold values ( 10, 20 and 30) . The independent variable analysed was %VLFI. ROC (receiver operating characteristic) curve analysis was used [13] , with the areas under the curves represented by W. A W value of 0.5 means that the distributions of the variables are similar in both populations; conversely, a W value of 1.0 means that the distributions of the variables do not overlap at all. Odds ratios were also calculated individually for the variable. The highest separation power was established to obtain a threshold value with an optimized sensitivity or specificity for each AHI threshold value. In group 2 (the validation set), sensitivity and specificity were calculated for diseased and nondiseased status for each AHI threshold value (AHI 10, AHI 20 and AHI 30) by using the most significant threshold of %VLFI identified in group 1.
RESULTS
In group 1, the diagnosis of OSAHS was established in 20 (71.4 %) of the 28 patients by using polysomnography recording (AHI 10) ( Table 1 ). The clinical variables of the patients are summarized in Table 1 . There were no differences in clinical characteristics between patients without and with OSAHS. Four hypertensive OSAHS patients were treated using β-adrenergic blockers.
A significant correlation ( Figure 1 ) was found between hourly %VLFI and hourly AHI (r = 0.67, P < 0.001). Sensitivity and specificity values using several thresholds for %VLFI are shown in Table 2 . The predictive accuracy of %VLFI is shown for other AHI cut-off values in Tables 3 and 4 . Using an appropriate threshold ( 3.2 %), %VLFI demonstrated a sensitivity of 78.1 % and a specificity of 70.4 % (positive predictive value of 73.4 %, and negative predictive value of 75.4 %) for a mild AHI ( 10; Table 2 ). Using the same variable, a threshold of 2.4 % applied to the study population yielded a sensitivity of 93.9 % and a specificity of 51 %. Hourly %VLFI appeared to be a powerful predictor of AHI (optimal W value = 0.848, P < 0.0001). An appropriate threshold was determined for more severe AHI. The prediction of an AHI 20 was more accurate for a %VLFI value 4 % (Table 3) . A severe sleep-related breathing disorder (AHI 30) was accurately predicted using a %VLFI (Table 4 ). Figure 2 shows the ROC curve analysis for identification of OSAHS with AHI threshold increments from AHI 10 (upper panel), 20 (middle panel) and 30 (lower panel). In group 2, neither BMI nor age was significantly different from group 1. Of the 35 patients studied, 27 were diagnosed with OSAHS with complete polysomnography. The repartitioning of patients according to associated disease status (hypertension, 39.5 %; chronic heart failure, 7.9 %; COPD, 5.3 %) was similar to that of group 1. Hourly %VLFI was confirmed as a powerful predictor of AHI (W value = 0.850, P < 0.0001) in this validation set. The threshold value of 3.2 % for %VLFI determined a sensitivity of 73.9 % and a specificity of 76.6 % (positive predictive value of 89.5 % and negative predictive value of 52 %) for a mild AHI ( 10) . The prediction of AHI 20 for a %VLFI value 4 % was appropriate (sensitivity, 73.4 %; specificity, 78.6 %; positive predictive value, 81.1 %; and negative predictive value, 70.2 %). For a threshold value of 5.6 % of %VLFI in order to predict an hourly AHI 30, sensitivity was 63 %, specificity reached 79 %, positive predictive value was 70.8 % and negative predictive value was 72.5 %.
DISCUSSION
Repeated episodes of obstructive sleep apnoea or hypopnoea determined a significant increase in the VLF component of the nocturnal HRI of HRV, which was also easily visually identifiable. Such an increased spectral power density was highly predictive of a severe (AHI 30), as well as moderate (AHI 20) or mild (AHI 10), sleep-related breathing disorder. The present screening method is very easy to analyse and use, taking less than 5 min after standard analysis of the Holter data. Its power as an independent predictor of the breathing disorder makes it a potential ambulatory screening test for patients with clinically suspected OSAHS or when ECG Holter monitoring is required for other cardiological findings.
Our approach was to use a physiological signal directly reflecting the abnormal respiration pattern, i.e. the swing in HR that occurs with each apnoea or hypopnoea event. Guilleminault et al. [5] have already described such HR oscillations, as well as their quantitative relationship with the apnoea or hypopnoea severity. Guilleminault et al. [5] , as well as several other authors [13a,13b] , suggested the use of cardiac autonomic nervous system response to sleep disorders in order to screen OSAHS, although without using a standard HRV approach. We found that repetitive VLF oscillations could be accurately expressed using spectral analysis of HRI and allowed identification and quantification of the severity of the sleep disorder represented via the AHI [9] . %VLFI, summarized by a simple number, was a powerful predictor, as shown by an adjusted odds ratio of 15. The accuracy of the HRI score in OSAHS detection is reinforced further by the linear relationship between %VLFI and AHI. The present results are similar to those observed in shortterm and high-selected recordings obtained in chronic heart failure patients with Cheyne-Stokes respiration [7] . From the literature, Sao 2 has the same sensitivity, but a lower specificity, than the power spectral analysis in the present study. Specificity using Sao 2 varies from 46 % to 80 % [14, 15] . Furthermore, we did not intend to compare sensitivity of %VLFI and Sao 2 in the present study, since cost effectiveness of the nocturnal Sao 2 analysis has already been largely described in sleep apnoea syndrome detection. Such a device is thus an economical way of detecting and quantifying sleep apnoea [16] .
Certain limitations of the present study that could influence our results need to be considered. A first consideration is that we excluded patients with severe clinical autonomic disorders in order to limit false negative results. Furthermore, the methodology used in the present study is inadequate in the presence of severe supraventricular or ventricular arrhythmias. However, complete polysomnography also carries some limitations, and oximetry could be misleading by being unable to identify non-apnoeic nocturnal hypoventilation, as well as underestimating the severity of sleep-related breathing disorders. Secondly, patients suspected of having OSAHS were studied exclusively despite the fact that they belonged to a heterogeneous group in terms of AHI. Therefore our sample population may not fully represent the general population of patients referred to clinicians and having snoring or upper airway resistance syndrome. Stradling et al. [17] highlighted that the autonomic arousals related to OSAHS were quantified better using blood pressure variability [18, 19] . HRV reflects the same periodically enhanced autonomic activity [20] and could provide diagnostic or prognostic information for the evaluation of sleep fragmentation [21] , as well as pulse transit time study [22] . Furthermore, several frequency or time-frequency domain analyses of HRV have been proposed and evaluated in order to classify time of sleep complicated with apnoea or hypopnoea. Several algorithms have shown how information derived from ECGs can be used to screen for OSAHS [23] ; however, the complexity of such mathematical algorithms could limit their routine use. In contrast, the automatic part of our present analysis needs a computer time duration of a few minutes for a night recording. The interactive part of the ECG analysis is approx. 5 min. The results are then directly obtained graphically on screen.
Unless classical oximetry appears attractive in the screening of OSAHS, Fast Fourier Transform of the pulse oximetry recordings has been demonstrated to be a better predictor of the sleep disorder with a visual confirmation of a VLF peak in all patients on the periodogram [24] . Our mathematical approach appears to be in accordance with this recent method.
Using our algorithm, we analysed directly the arousal of the internal physiological alarm system, which summarizes the strain imposed on the body by the apnoea. This gives a better approach than hypoxia, which could give strains of various physiological intensity in different subjects for a similar level of O 2 desaturation according to the metabolism of the subject. HRV could then be added to the conventional nocturnal Sao 2 measurements in OSAHS screening for the clinical assessment of autonomic fragmentation.
In conclusion, analysis of HRV using spectral power of HRI could represent an efficient tool in the screening of OSAHS. The added ease of use and interpretation is of interest, considering the high prevalence of undiagnosed sleep-related breathing disorders in middleaged populations. The cardiologist is now in the front line of detecting sleep apnoea syndrome.
